Coronary heart disease (CHD) is a multifactorial disease with both genetic and environmental components. Smoking is the most important modifiable risk factor for CHD. Our aim was to test whether the increased CHD incidence by smoking is modified by genetic predisposition to CHD.
C
igarette smoking is the strongest modifiable risk factor for cardiovascular morbidity and mortality, 1 and smoking cessation decreases the risk for coronary heart disease (CHD). Former smokers have a lower CHD risk than current smokers, and the difference increases with time since quitting smoking. 2 However, the magnitude of deleterious effects of smoking on cardiovascular health may differ between individuals.
During the past decade, genome-wide association studies have led to the discovery of >50 single-nucleotide polymorphisms (SNPs) that associate with CHD. Although some of these variants have been shown to associate with blood lipid traits and blood pressure, the functional consequences of the majority of the associated loci are still unknown, 3, 4 which highlights the importance of undiscovered pathways in the development of CHD. Polygenic risk scores (PRSs) based on SNPs associated with an increased risk for CHD have been reported to modestly improve CHD risk prediction on the top of conventional risk factors. [5] [6] [7] A recent study by Tada et al 8 showed that adding a PRS to a model based on established risk factors for CHD, including self-reported family history, improved reclassification and discrimination. We have previously reported that cigarette smoking modifies the effect of the top SNP (rs4977574) at the chromosome 9p21 locus, which is the strongest CHDassociated locus. We observed that smoking attenuated the increased risk for CHD associated with having 1 or 2 risk alleles. 9 However, to the best of our knowledge, no studies have tested interaction between smoking and a PRS for CHD, although such studies have been conducted in the context of other phenotypes. [10] [11] [12] In addition, in a recent study involving 55 685 participants, a PRS for CHD and a favorable lifestyle, defined as adherence to at least 3 of the 4 factors (no current smoking, no obesity, regular physical activity, and a healthy diet), were independently associated with susceptibility to CHD. 13 However, this study did not address nor answer the question whether the individual lifestyle factors may interact with a PRS on the risk of CHD.
The aim of our study was to challenge the question whether smoking, the strongest individual risk factor for CHD, interacts with PRS for CHD. To investigate that, we studied associations between smoking and incidence of CHD stratified by PRS. We then investigated whether genetic prediction of CHD differs according to smoking behavior. Finally, we tested interactions between each of the CHD-associated SNPs and smoking on the risk of CHD.
METHODS
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. The authors confirm that some access restrictions apply to the data underlying the findings as the consent signed by study participants does not allow the public release of their data. However, data for the MDCS (Malmö Diet and Cancer Study) are available from the Board of MDCS at the Lund University for researchers who meet the criteria for access to confidential data.
Study Population
The MDCS is a population-based prospective study that recruited 30 447 subjects from a source population of 74 138 individuals born between 1923 and 1950 and living in the city of Malmö in southern Sweden. Baseline data were collected between 1991 and 1996: all subjects completed a questionnaire about lifestyle and socioeconomic factors, such as smoking habits, physical activity, education, and medication history. In addition, nurses drew nonfasting blood samples for storage and measured anthropometric factors and blood pressure. In addition, a modified diet history methodology consisting of a 7-day food diary, a 168-item questionnaire and a diet history interview was used to collect information on dietary habits.
14,15 Details of the design of MDCS have been
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Cigarette smoking is the most important modifiable cause of coronary heart disease (CHD). However, it is not known whether the risk increase by smoking is uniform among all individuals. Therefore, we tested the association between smoking and CHD among individuals with different levels of genetic predisposition for CHD, measured as a polygenic risk score constructed from 50 genetic variants known to be associated with CHD. In around 24 000 middle-aged Swedish participants followed up for around 20 years, our study found that the magnitude of CHD risk increase by smoking is not uniform among all individuals and that the relative risk increase is higher among individuals with lower polygenic risk burden compared with those with higher burden. This observation indicates that smoking cessation may provide higher relative risk reduction in CHD among individuals with low polygenic risk when compared with those with high polygenic risk. In addition, our results highlight a similar 2-fold risk increase in CHD among never smokers with high polygenic risk burden and current smokers with low polygenic risk burden, compared with never smokers with a low polygenic risk burden. Finally, our study indicates that the clinical use of polygenic risk scores in prediction of CHD may be dependent on certain environmental factors as we found that the polygenic risk for CHD can provide better risk prediction, discrimination, and net reclassification on top of traditional risk factors among never smokers compared with current smokers.
reported elsewhere. 16 After excluding subjects with prevalent CHD (n=774), those with missing data on smoking (n=1965), and individuals with missing or bad quality DNA, defined as those with missing genotypes for >10 of the 50 SNPs making up the PRS, our study population included 24 443 individuals.
The study participants were stratified into 3 smoking categories based on self-reported smoking status: never smokers, former smokers, and current smokers (defined as reporting cigarette use during the last year). Blood pressure measurements were performed using a mercury column sphygmomanometer in the supine position after 10 minutes of rest. Body weight (kg) was measured using a balance beam scale with subjects wearing light clothing and no shoes. Height (cm) was measured using a fixed stadiometer. Body mass index was calculated as the ratio of weight in kilograms to height in meters squared. Total energy and nutrient intakes were calculated from the average daily consumption of food groups using the Malmö Diet and Cancer Food and Nutrient Database which was designed specifically for MDCS and was derived from the Swedish Food Database PC KOST2-93 of the Swedish National Food Administration. 14, 15 Family history was based on the selfreported response of individuals to a questionnaire on whether their father, mother, or siblings had a history of myocardial infarction. The education variable was created by assessing each participant's highest educational level and creating groups of ≤8 years, 9 to 10 years, 11 to 13 years, and university level. Physical activity was measured through an extensive lifestyle questionnaire based on the Minnesota Leisure Time Physical Activity Questionnaire. A leisure-time physical activity score was created and divided into tertiles. An alcohol intake variable was created classifying individuals into 4 categories based on sex-specific grams of total alcohol consumed per day: abstainers, low consumption (<15 g/d in women or <20 g/d in men), medium consumption (15-30 g/d in women or 20-40 g/d in men) or high consumption (>30 g/d in women or >40 g/d in men). The levels of Apo (apolipoprotein) AI and ApoB were measured in nonfasted plasma samples of the entire MDCS by Quest Diagnostics (San Juan Capistrano, CA), blinded to case-control status, using an immunonephelometric assay run on the Siemens BN II (Siemens, Newark, DE). The interassay variability was <4.0% for both Apo AI and Apo B. Prevalent diabetes mellitus was defined as self-reported physician diagnosis or use of antidiabetic medication, fasting whole blood glucose of ≥6.1 mmol/L (corresponding to fasting plasma glucose concentration of ≥7.0 mmol/L), or by linkage to the local or national diabetes mellitus registries. [17] [18] [19] [20] [21] The MDCS protocols were approved by the ethics committee at Lund University. All participants provided written informed consent.
Ascertainment of CHD
CHD was defined as fatal or nonfatal myocardial infarction, coronary artery bypass graft, percutaneous coronary intervention, or death because of ischemic heart disease. Three previously validated 19, 22 
Genotyping and Construction of PRSs
The participants of MDCS were genotyped using a multiplex method that combines polymerase chain reaction, allelespecific oligonucleotide ligation assays, and hybridization to oligonucleotides coupled to Luminex 100TM xMAPTM microspheres (Luminex, Austin, TX). 8 An automated clustering algorithm was used to call genotypes, and the resulting clusters were further visually inspected for outliers that were manually called. The resulting genotypes had >99% concordance with a second method using real-time allele-specific polymerase chain reaction. 23 All SNPs passed the Hardy-Weinberg equilibrium test with a P >0.001 (0.05/50), and the SNP call rates ranged between 95.7% and 99.6%. Of all the 27 754 individuals that were genotyped, 1040 (3.7%) were excluded because of missing genotypes for ≥11 SNPs.
We used a PRS described previously by Tada et al 8 and comprising 50 SNPs. In brief, we included all SNPs or their proxies (r 2 ≥0.86) that were reported to pass genome-wide significance in genome-wide association studies [24] [25] [26] [27] published before and including the CARDIoGRAMplusC4D metaanalysis in 2013. 4 Table I in the Data Supplement provides detailed information on each included SNP and reference to the risk estimate used to create PRS. To compute the PRS, the risk estimate per risk allele of each SNP was log transformed and multiplied by the amount of risk alleles (0, 1, or 2) and then summing the products. We imputed genotypes for samples missing ≤10 SNPs using a random sampling method that generates genotypes based on frequencies among the group of participants with CHD events and among the participants without CHD events. For a sensitivity analysis, we additionally created a 49 SNP PRS after excluding the strongest CHDassociated SNP (rs4977574) at the 9p21 locus.
Statistical Analysis
Baseline characteristics were created for all individuals and for strata defined by tertiles of PRS or by smoking status. As the assumption of proportionality was violated in Cox regression analyses, the main effects and interactions were assessed by constructing logistic regression models. Smoking status was modeled as a categorical or continuous variable with never smokers coded as 0, former smokers as 1 and current smokers as 2. The PRS was stratified into tertiles and modeled as a categorical or a continuous variable. Interactions were tested by including the continuous smoking variable and the z score transformed continuous PRS variable together with a multiplicative term of these variables. Two models were tested: the first including baseline age, sex, education, total energy intake, physical activity, and alcohol consumption (model 1), and the second including model 1 with further adjustments for CHD traditional risk factors including ApoB as a proxy for LDL (low-density lipoprotein) cholesterol, Apo AI as a proxy for HDL (high-density lipoprotein) cholesterol, systolic blood pressure, antihypertensive medication, diabetes mellitus at baseline, and family history of myocardial infarction (model 2). As both the risk of CHD and smoking behavior markedly differ between men and women, we additionally performed all analyses stratified by sex. Interactions were also tested between smoking and family history of myocardial infarction, to investigate whether family history reflects the results with the PRS. Sensitivity analyses were performed excluding rs4977574 at the 9p21 locus, which is the strongest locus associated with CHD and has previously been reported to interact with smoking. 9 Additional sensitivity analysis was done after censoring at 10 years of follow-up to account for changes in smoking behavior during longer periods of follow-up. Although our primary hypothesis concerned interaction between the CHD PRS and smoking, we additionally performed interaction analyses for each of the 50 SNPs included in the PRS among all individuals, and among men and women separately, to provide information about the contribution of each individual SNP. To investigate whether the interaction could be driven by SNPs associated with specific known risk factors, we created 3 traitspecific PRSs using CHD SNPs that were previously associated with lipid traits, blood pressure, or type 2 diabetes mellitus. We investigated the associations of each of the 50 SNPs with lipids, blood pressure, and type 2 diabetes mellitus in previous genome-wide association studies using phenoscanner (http://www.phenoscanner.medschl.cam.ac.uk/). For the lipids PRS, we included 17 CHD SNPs that showed associations with total, LDL or HDL cholesterol, triglycerides or dyslipidemia at P <0.001 (0.05/50). For the blood pressure PRS, we included 8 CHD SNPs that previously showed associations with systolic blood pressure, diastolic blood pressure, or hypertension at P <0.001. Finally, for the type 2 diabetes mellitus PRS, we included 4 CHD that showed association with type 2 diabetes mellitus at P <0.001 (Table I in the Data Supplement) .
We then performed C statistics and net reclassification improvement (NRI) analyses to evaluate whether the PRS provides different risk predictions among individuals with different smoking status. We tested the NRI and integrated discrimination improvement (IDI) when adding the PRS to a risk prediction model based on traditional risk factors. The model comprised age, sex, ApoB, Apo AI, systolic blood pressure, antihypertensive medication, diabetes mellitus at baseline, and family history of myocardial infarction. These analyses were also performed among men and women separately. Finally, we performed NRI analysis among current and never smokers by adding the interaction term between smoking and PRS to the prediction model including age, sex, ApoB, Apo AI, systolic blood pressure, antihypertensive medication, diabetes mellitus at baseline, family history of myocardial infarction, smoking, and PRS. All analyses were conducted using STATA SE 13.1 (StataCorp LP).
RESULTS
The baseline characteristics of MDCS participants are provided in Tables 1 and 2 stratified according to tertiles 
Interaction Between the PRS and Smoking
The increased risk for CHD conferred by smoking was modified by the PRS (P interaction =0.005 and 0.009 for model 1 and 2, respectively). The magnitude of CHD risk elevation by smoking was attenuated among individuals with higher PRS. Compared with never smokers, current smokers in the lowest tertile of PRS had higher CHD risk (OR, 2.01; 95% CI, 1.66-2.42) than current smokers in the highest tertile of PRS (OR, 1.44; CI, 1.23-1.68). A similar but weaker trend was observed among former smokers (Table 3) . In a combined analysis of smoking status and PRS, never smokers in the third tertile of PRS were already at a similar risk (2-fold) to current smokers in the first tertile of PRS. The relative increase of CHD risk among current smokers was lower Model adjusted for age, sex, total energy intake, alcohol intake, leisuretime physical activity, and education. CI indicates confidence interval; OR, odds ratio; PRS, polygenic risk score; T1, the first tertiles of the PRS; T2, the second tertiles of the PRS; and T3, the third tertiles of the PRS.
*OR and 95% CI for coronary heart disease among former or current smokers compared with never smokers.
in the highest PRS tertile compared with the lowest, when compared with never smokers (Figure) .
The interaction was observed to be stronger among men (P interaction =0.001 and 0.001 for model 1 and model 2, respectively) than among women (P interaction =0.44 and 0.67 for model 1 and model 2, respectively; Tables VI and VII in the Data Supplement; Figures I and II in the Data Supplement). The interaction remained significant with the PRS of 49 SNPs excluding the strongest CHD-associated SNP rs4977574 at the 9p21 locus (P interaction =0.015 and 0.022 for model 1 and model 2, respectively). To investigate whether changes in smoking behavior during the long follow-up could be driving our results, we censored our follow-up at 10 years (n CHD =1862). Censoring did not dramatically change our results (P interaction =0.05 and 0.09 for model 1 and model 2, respectively).
To investigate whether the interaction with PRS may reflect interaction with family history for myocardial infarction, we performed interaction analyses between smoking and family history. We observed no effect modification for the smoking association with CHD by family history (P interaction =0.93 and 0.95 for model 1 and model 2, respectively). We additionally performed interaction analyses between smoking and PRS separately among individuals with and without family history. We observed similar effect modification by smoking on the PRS association with CHD, among both individuals with or without family history, although the interaction was not significant among those with family history (n=8949), most likely because of a lower power (P interaction =0. 13 
Discrimination and Reclassification
The PRS showed improved discrimination and reclassification of incident CHD on the top of traditional risk factors among never smokers when compared with smokers. In general, the PRS provided modest improvement on the top of traditional risk factors; adding the PRS to a prediction model that included traditional risk factors improved the discrimination of the model (IDI=0.007; P<0.0001). Stratifying by smoking status showed better discrimination by PRS among never smokers (IDI=0.012; P<0.0001) than former smokers (IDI=0.006; P<0.0001) and current smokers (IDI=0.004; P<0.0001; Table 4 ). This pattern was stronger among men showing even larger discrimination among never smokers (IDI=0.023; P<0.0001) than former smokers (IDI=0.007; P<0.0001) and current smokers (IDI=0.004; P=0.003; Tables X and XI in the Data Supplement).
Risk reclassification was also improved by adding the PRS to a traditional risk model (NRI=0.18; P<0.0001). The PRS showed better risk reclassification among never smokers (NRI=0.23; P<0.0001) than former smokers (NRI = 0.18, P<0.0001) and current smokers (NRI=0.15; P<0.0001). The magnitude of reclassification by the PRS dependent on smoking status was stronger among men when compared with women, with the highest reclassification observed among never smokers (NRI=0.29; P<0.0001) compared with former smokers (NRI=0.14; P=0.0006) and current smokers (NRI=0.20; P<0.0001). The interaction term provided improved risk reclassification (NRI=0.066; P=0.006) on the top of a Figure. Odds ratio (OR) for coronary heart disease according to tertiles of polygenic risk score (PRS) and smoking status. Individuals who are in the lowest tertile of PRS and are never smokers were considered as a reference group. Smoking was associated with higher risk for coronary heart disease among individuals within each tertile of PRS. The magnitude of relative risk increase by smoking was higher among individuals with low PRS (OR, 1.42; 95% confidence interval [CI], 1.29-1.56) compared with individuals with high PRS (OR, 1.20; 195% CI,.11-1.30). Never smokers in the highest tertile of PRS had a similar risk (OR, 1.97; 95% CI, 1.64-2.37) to current smokers (OR, 1.99; 95% CI, 1.68-2.37) in the lowest tertile of PRS compared with the reference group. AUC indicates area under receiver operating curve; CI, confidence interval; IDI, integrated discrimination improvement; and PRS, polygenic risk score.
*Traditional model includes age, sex, ApoB (apolipoprotein B) as a proxy for LDL (low-density lipoprotein) cholesterol, Apo AI as a proxy for HDL (highdensity lipoprotein) cholesterol, systolic blood pressure, antihypertensive medication, diabetes mellitus at baseline, and family history of myocardial infarction.
†P value for IDI. model including age, sex, ApoB, Apo AI, systolic blood pressure, antihypertensive medication, diabetes mellitus at baseline, family history of myocardial infarction, smoking, and PRS among current and never smokers.
Individual SNP Interactions With Smoking
To provide information on the contribution of each SNP included in the PRS, we performed interaction analyses between each SNP and smoking on CHD incidence among all individuals and among men and women separately (Figures III through V in the Data Supplement). Among all individuals (n=24 443), none of the interactions passed the Bonferroni-corrected P value of 0.001, whereas 6 SNPs had an interaction P value of <0.05. The strongest interactions were observed with the SNPs in the PPAP2B and HDAC9 loci (P interaction =0.003 and 0.009, respectively). In the sex-specific analyses, 4 SNPs in men and 1 in women provided nominally significant interaction P values, and after Bonferroni corrections, 1 SNP in the MRAS locus remained significant in men. Finally, traitspecific PRSs did not show significant interactions with smoking (P interaction =0.21, 0.09, and 0.12 for lipids, blood pressure, and type 2 diabetes mellitus PRSs, respectively).
DISCUSSION
In this prospective study, we observed that the elevated risk of CHD incidence by cigarette smoking is modified by genetic risk for CHD assessed as 50 SNPs compiled in a PRS. The relative risk increase of CHD by smoking was significantly higher among individuals with low genetic risk when compared with those with high genetic risk. This interaction was more evident among men than women. No interaction was observed between smoking and family history for CHD. The PRS significantly improved both discrimination risk and net reclassification of a prediction model for CHD based on traditional risk factors. The improvement was significantly better among never smokers than former and current smokers and particularly strong among male never smokers.
Smoking is among the strongest environmental risk factors for CHD, and often it is associated with other unfavorable lifestyle risk factors. Our results were observed after adjusting for other confounders including total energy intake, alcohol consumption, physical activity, and education indicating that the observed interaction is unlikely to be confounded by these factors. In addition, the interaction remained significant after additionally including other possible confounding or mediating risk factors as body mass index, diabetes mellitus, lipid-lowering and antihypertensive medication, ApoB, and systolic blood pressure, suggesting that the observed interaction is unlikely to be confounded or mediated by these factors either. The observed interaction showed a deviation from the independent multiplicative effects of smoking and the PRS on CHD incidence. Individuals within the highest PRS tertile were already at such a high risk of CHD that the additional risk increase by smoking was weaker compared with those within the lowest PRS tertile. In addition, genetic risk was observed to play a more important role among never smokers compared with current smokers. The interaction was stronger and more evident in men, and lost significance when tested among women, although a similar tendency was observed. This could be explained by decreased power among women because of both a markedly lower CHD incidence (8.3% versus 21.1%) and a clearly lower percentage of former smokers (27.7% versus 42.3%) in female when compared with male participants. Our results also indicate that the observed interaction is independent of the family history for myocardial infarction and that stratifying by family history status did not modify the observed interaction with smoking. This is in line with previous evidence showing that a CHD PRS predicts CHD independently from family history. 8 In a previous study in MDCS, we reported that the association between smoking and CHD was modified by the strongest CHD-associated variant in the 9p21 locus. 9 Carrying the 9p21 risk allele attenuated the relative risk increase by smoking. Because the direction of the 9p21 and smoking interaction was similar to the observed interaction in the current study, we performed a sensitivity analysis removing this variant from the PRS. Our results remained significant, although weaker, after removing the 9p21 variant, indicating that the interaction is partially mediated by the 9p21 variant. This locus has been previously found to interact with dietary factors particularly vegetable intake, 28, 29 obesity, 30 blood pressure, 31 and glycemia. 32 Gene-smoking interactions for CHD have been extensively studied with a genetic variation in APOE, but a recent meta-analysis found no evidence for such interaction. 33 Although interaction between smoking and PRS for CHD has not been studied earlier, a previous study in the Swedish Twin Register suggested that the heritability of CHD is not modified by smoking, a result in line with our results showing no interaction between smoking and family history for myocardial infarction on CHD incidence. However, they reported modification of CHD heritability by body mass index, indicating that genetic factors may play a more important role in CHD in the absence of environmental risk factors. 34 This is in line with our observation that the PRS showed a larger effect and a better prediction of CHD among never smokers compared with smokers.
To gain insight on the contribution of the individual 50 SNPs on our interaction results, we performed individual SNP-smoking interaction analyses and observed some nominally significant interactions, of which the strongest were with variants in the PPAP2B and HDAC9 loci. Only 1 SNP, in the MRAS locus, showed significant interaction with smoking after correction for multiple testing, but this was only observed among males. Although our study was not powered for studying interactions with the single SNPs, it may be interesting that the PPAP2B CHD locus has been reported to be a target of oxidized LDL-induced epigenetic regulation with more open chromatin, higher enhancer activity, and increased PPAP2B expression, whereas HDAC9 has been reported be an epigenetic regulator of oxidized LDL-induced atherosclerotic processes. 35, 36 In addition, smoking has been associated with decreased methylation of CpG sites at the three prime untranslated region MRAS, 37 where the rs9818870 SNP is located and reported as a strong expression quantitative trait locus for MRAS expression with the CHD risk T allele associated with increased expression in arterial tissue (www.gtexportal.org).
Our results show that smoking status may provide a valuable stratification tool for prioritization of individuals who would benefit from using a PRS to improve prediction of future CHD. The PRS provided better discrimination on the top of a traditional risk factor model among never smokers compared with smokers. This was more evident among male never smokers where the genetic prediction provided a 2.3% improvement in discrimination. In addition, PRS provided better risk reclassification among never smokers compared with smokers and particularly among male never smokers where adding the PRS provided a total of 29% improved net reclassification.
Our study has some limitations that need to be pointed out. First, our study was conducted in a sample of middleaged Swedish individuals which may limit the generalizability to other populations. Second, smoking behavior was assessed at baseline, and no record of changes in smoking behavior was available during the follow-up. This could bias our results, especially if some selective smoking cessation has occurred among individuals with high genetic risk for CHD. However, censoring our data at 10 years of follow-up showed similar results but with less significant P values, probably because of decreased statistical power. In addition, we did not have data on baseline LDL and HDL cholesterol levels in the whole MDCS population, and, therefore, ApoB and Apo AI were used as proxies for cholesterol measurements. Further, the 50 SNPs included do not represent all to date identified CHD-associated variants as at least 30 more SNPs have been recently discovered. 3, 38, 39 Finally, we have used logistic regression analyses instead of survival analyses mainly because of violations of the Cox proportional hazards assumptions. However, our results did not change when performed using Cox proportional hazard regressions. The longitudinal design and a low level of measurement errors for our main exposure variables, smoking 40 and SNP genotypes, improved the power to detect interactions. Finally, the good ascertainment of CHD cases using multiple registries is another strength of the present study.
In conclusion, our study provides evidence for that smoking may interact with polygenic risk for CHD. Further, the PRS for CHD provided better risk discrimination and reclassification on the top of traditional risk factors among never smokers compared with smokers, and smoking cessation may provide a larger decrease of the relative risk for CHD in individuals with low polygenic risk for CHD.
